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Motivation

Q@NSTX

A small error field sB* can cause various deleterious effects on toroidal
plasmas even when |6§B*|/|BJ~10*,compared with the equilibrium field B

The small error field is unavoidable due to defects in primary magnets

Perturbation theory is natural to calculating the effects by small
deviations from an equilibrium

Perturbed equations f,+VP=JxB with fixed P(v).a(v) give well-defined
perturbed equilibria and can be solved by minimizing perturbed potential
energy sw

IPEC finds 3D perturbed equilibria from axisymmetric equilibria and they

are computationally efficient and experimentally useful for the control of
small perturbations
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|. IPEC (Ideal Perturbed Equilibrium Code)

Q@NSTX

The code finds a perturbed equilibrium f ., (£)=0=V3p+5JxB+J x3B
from an axisymmetric equilibrium VP =JxB given an external
perturbation sB*

The code uses DCON and VACUUM stablllty code to minimize the
perturbed energy sw _——jdx f...(£)-& with a given total field 5B on the
plasma boundary

The code constructs an interface between the total field 5B and the
external field sB* by a surface current K that is required to support a
perturbed equilibrium

The code gives various relations of resonant fields (SB n) on rational

surfaces g=m/n or variation of field strength 5B to external error fields
specified on the plasma boundary 6B -7,
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l.I. Computation of perturbed equilibria

Q@NSTX

|deal perturbed force balance equation

Three-component equations of plasma displacement ¢
f o (E)=0=V3p+8IxB+Jx5B
Vop=—E-VP—yP(V-£) 8B=Vx(ExB) 8J=VxVx(ExB)/p,
Can be obtained by the minimization of the perturbed potential in ideal MHD
W =[x F s (8) £
Euler-Lagrange equation for &.vy is solved in DCON
(1) (2) 3)
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l.Il. Boundary condition on the plasma boundary

QNSTX

DCON gives M neighboring perturbed equilibria with the associated total field on
the plasma boundary

&(w.0,0), (§-1,)(0,0), 5B(v.0,0)=Vx(ExB), ..o » 5B-n,, N, x5B

The normal field is continuous across the boundary and gives the unique
vacuum field outside

5B -, > f,x5B

If an wall at infinity is taken as a boundary condition, then the jump of the
tangential field on the boundary is precisely the representative surface current
on the control surface

u,K =f, x3B -, x5B"
The surface current gives the external field (aﬁ.ﬁb):]\[K]
WK =Vx5B" ~= 8B -f (8B-f,)=L[K]
(6B-f,)= P[(ng-ﬁb )}
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l.Ill. Boundary conditions at rational surfaces

ONSTX

« Ideal MHD constraint does not allow islands, so produces a singular current to
preserve magnetic topology - (SB -V\y) =0 at g=m/n

mn
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l.IV. Ideal perturbed plasma
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|.V. 3D equilibrium reconstruction in tokamaks

ONSTX

IPEC can be used for three-dimensional equilibrium reconstruction in tokamaks
when non-axisymmetric external field and current are specified

Toroidal torque
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Il. Locked Mode (LM) application

Q@NSTX

O Plasma locks when an error field is beyond a critical magnitude. This
locked mode should be mitigated by correcting intrinsic error field

2 S Conechon 1
No Correcfion line-averaged density (10'% m-3)
| S o= -1 1-coil Comrection Applied |
i- | i I C S—_—
&9 b ' =3
ﬂ w izt - __.' :h,.'-.___ | -."-,\.: ! —':”_ iﬁ_ e — . N l .
0 1 th 2 (sec) 3 . f .

d The total resonant field driving islands (5§'ﬁ)mn explained locked modes
of tokamaks (DIII-D and NSTX), which were paradoxical when using
external field (5§X .ﬁ) based on a cylindrical theory

mn

O IPEC shows that the strong poloidal harmonic coupling occurs in
tokamak plasmas, so the total resonant field is necessary to explain
locked modes
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11.1. Error field correction coll

ONSTX

NSTX uses 6 EFC-coils to compensate n=1,2,3 intrinsic error field
DIlI-D uses 6 C-coils similar to EFC-coils and 12 I-coils for more flexible
control of poloidal harmonics in external field

External Coils
(C—coils)

Vacuum Vessel /

Internal Coils (Cutaway View)
(I-Coils) 6 Error Field Correction coils
(EFC-coils)
DIII-D NSTX
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II.1l. Locking driven by total resonant field

Q@NSTX

Previous approximation using external (vacuum) resonant field (5§ -N| on
rational surfaces has often failed to explain plasma locking o

IPEC using total resonant field (5§-ﬁ)mn explains the paradoxical “optimized
correction” results in DIII-D and NSTX tokamaks
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Il.11l. Strong poloidal harmonic coupling

(b) Amplitude(G)

Q@NSTX

The “measure” of plasma locking A, . 1 ,(5§°ﬁ)mn y individual poloidal
harmonics of external field on the boundary (3B’ -ﬁb5)=1GaUSS ™ gives
“dominant poloidal harmonics” on flux coordinates

The shift of the peak towards higher harmonics and broad coupling of poloidal
harmonics are found
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lll. Error Field (EF) control application

O New approach to error field correction is necessary in tokamaks
O The most important external field can be defined on the plasma

QNSTX

boundary, and the important field is highly localized in the outboard
O Decomposition of the external field by the new ranks provides the most
efficient way to mitigate error field effect

The dominant components observed in real space is given by:

Z(m)

(38" -7, )= A(0)cos¢ + B(0)sing

Jong-kyu Park, PPPL, Princeton University, November 15, 2007

15 (2 DIID | (b) NSTX

o[ 2 -

0.5- -

0.0- L

-0.5- L

1.01 i

'1'5'--.-.-.-.-.-'-.-.-.-.
05 1.0 15 20 25 05 10 15 20

R(m) R(m)



lll.I. The most important external field in ITER

ONSTX

« The it"important external field can be defined by it" singular eigenvector of

coupling matrix C
. | » B=C-®
(55 -ﬁb)(e,cp)zRe(Zchnnw(e)e'(me“‘P’j

 The most important external field, or the first mode is highly localized for each
toroidal harmonic n. This is not sensitive to plasma configuration
ITER
Equilibria Scen2 bn18 Scen3a bn22 Scend4 bn23

(a) The first n=1 modes (b) The first n=2 modes (c) The first n=3 modes (d) The first n=4 modes
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l1I.1l. Combined error mitigation in ITER

Q@NSTX
When plasma evolves between ITER
possible scenarios, then combined (@) fnetmode  2"netmode  3°nei mode
coupling matrix can be used to ' '
identify it" important external field
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lII.1Il. New guideline of error mitigation in ITER

Q@NSTX

The tolerances can be guided by all Resonant field on all rational surfaces
the total resonant fields in ITER by 1G max'”:L;TGa”:p“tgde of modes
. . T _ a n=1 modaes
scenarios by_ applqug | |mport_ant O
mode (combined) with 1G maximum 2 osf
- T -, B
amplitude. £ b 5 e :
. — . \Ccritical 8. 3 ¢ 00F . E
using (SB-n) (Gauss)=n,(10"m™) R (b) 1G n=2 modes
mn o - -
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to avoid locking B 0.2 NN\
Tolerance g 0ol A = :
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2 _
E 2 E
:
- e 3
g =

Jong-kyu Park, PPPL, Princeton University, November 15, 2007



V. RWM and ELM application

Q@NSTX

Resistive Wall Mode (RWM) needs precise description of plasma
response to external currents, which can be given by IPEC

Non-ambipolar transport by external torque causes toroidal rotation
damping, which is necessary to describe more precise plasma response

Torque computations in theory and experiment show self-shielding effect
of plasma by amplified viscous force

Edge Localized Mode (ELM) can be suppressed by non-axisymmetric
field, which has to increase edge transport, but not affect core

Perturbed field on perturbed flux surfaces can be used to calculate
enhanced transport in edge
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IV.I. Plasma response to external field

Q@NSTX

Plasma response to external field is generally determined by energy and torque
required to produce perturbations

W =[] A 21" ®+6 1)

- — I O S — — —X — 1 —x
T, = (ij).a_dx3:i (|T.cp_q)T.|) —> O=P-® —> dO=~-

Torque parameter a can be estimated by measuring amplification of applied
field in experiment and by calculating s in IPEC, assuming a<<1
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O __Vg +im, - {S(d —S)—ocz}—ida
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IV.Il. Torque by neoclassical theory

Q@NSTX

Torque parameter can be calculated by

— d_V ﬂ 2 2 Mpsl & 2 2
Tq) - ‘[dw<R><d\U> C:eqlvTi Qq)qn%::o n |88nm| 2\/; Vi N M |m ~ nq| +Ceq2 i Q¢n’%::0(n |SBnm| an)
psl

3 Vn/Ry

The variation of field strength is calculated on perturbed flux surfaces
BSB, =(§-5§)L =(|§-5§)+ B(E-VB)> BSB=(I§-8§)>> BoB" =(B-b")
Torque can not be larger than the maximum, $R(8B" -7, )(5B -7, )da

Theory and experiment gives different o/ o,
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IV.Ill. Self-shielding effect

Q@NSTX

* Anti-correlation between theory and experiment in high density regime indicates
plasma self-shielding effect, that is, shielding of external perturbation by
amplified viscous force
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IV.IV ELM suppression by external field

Q@NSTX

The control of Edge Localized Mode (ELM) can greatly change plasma
performance in tokamaks

An external magnetic perturbation can suppress ELM if the perturbation induces
stochastic field lines only at the edge without affecting core region

Predicted maximum normal displacement on a poloidal plane
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Summary

Q@NSTX

V.

IPEC (Ideal Perturbed Equilibrium Code) has been developed
modifying DCON and VACUUM, and constructing interface between -
external and total field.

This code can be used to reconstruct perturbed equilibria in tokamaks

Perturbed equilibria and total resonant field explain Locked Mode (LM)
In NSTX and DIII-D, and show strong poloidal harmonic coupling

Locked Mode (LM) in tokamaks can be effectively mitigated by
resolving it" important mode minimizing total resonant field on rational
surfaces, as shown in ITER examples

Resistive Wall Mode (RWM) and Edge Localized Mode (ELM) can be
described by plasma response and perturbed structure provided by
IPEC.

Calculation of perturbed energy and torque in theory and experiment
shows self-shielding effect of plasma by amplified viscous force
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Analysis of error fields has improved significantly recently with

the development of IPEC - Ideal Perturbed Equilibrium Cde
INSTX

« The code finds a perturbed equilibrium f,,(&)=0=Vép+3JxB+J =8B from an
axisymmetric equilibrium vp=JxB given an external perturbation sB*
 The code gives various relations of resonant fields (6§-ﬁ on rational surfaces

or variation of field strength 6B to external error fields specified on the plasma
boundary &B-n,

Field strength
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* IPEC: J.-K. Park, et al., Phys. Plasmas 14, 052110(2007)
* LM application: J.-K. Park, et al., Phys. Rev. Lett. 99, (2007) See POSTER TP8.080 at this conference
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